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Co-expressionMetabolomics aims at gathering the maximum amount of metabolic information for a total interpretation
of biological systems. A process analytical technology pipeline, combining gas chromatography–mass
spectrometry data preprocessing with multivariate analysis, was applied to a Port wine ‘‘forced ageing’’
process under different oxygen saturation regimes at 60 C.
It was found that extreme ‘‘forced ageing’’ conditions promote the occurrence of undesirable chemical
reactions by production of dioxane and dioxolane isomers, furfural and 5-hydroxymethylfurfural, which
affect the quality of the ﬁnal product through the degradation of the wine aromatic proﬁle, colour and
taste. Also, were found high kinetical correlations between these key metabolites with benzaldehyde, sot-
olon, and many other metabolites that contribute for the ﬁnal aromatic proﬁle of the Port wine. The use of
the kinetical correlations in time-dependent processes as wine ageing can further contribute to biological
or chemical systems monitoring, new biomarkers discovery and metabolic network investigations.
 2013 Elsevier Ltd. All rights reserved.1. Introduction
Metabolomics is a recent ‘omics’ ﬁeld and is based on biology
science devoted to fully identify phenotypes, the connectivity that
relates their constituents and the dynamical response to perturba-
tions, as well as the relationships with the rest of the cellular
molecular machinery, namely at the regulatory levels such as
genomics, transcriptomics and proteomics at the systems biology
stage (Feist, Herrgård, Thiele, Reed, & Palsson, 2009).
The study of such complex matrix on a chemical composition
perspective can be described as beingmulti-scale, i.e. several orders
of magnitude (ppm-ppt) and multivariate, i.e. large diversity of
chemical substances, and constitutes an extremely challenging
problem being the main goal to obtain a comprehensive proﬁle
of the matrix. Ideally it would require a true ‘omic sensor’, i.e. with
an unlimited linear zone of response and sensitive to all substances
resulting in a global picture of the bioprocess (Jerez, 2008).
A high-throughput metabolomic chromatography systems con-
sists in one part of hardware (analytical equipment) and the other
part of bioinformatics (signal processing, data storage and multi-variate analysis), which are becoming a trend in modern biotech-
nology. These methods become more appealing to systems
biology and molecular biology sciences, when signal processing
is performed which turns chromatography into a high-throughput
system. This capacity of peak extraction by automated techniques
makes possible the holistic assessment of the metabolism
(Villas-Boas, Mas, Akesson, Smedsgaard, & Nielsen, 2005).
Gas chromatography–mass spectrometry (GC–MS) is specially
suited for the study of yeast volatile metabolites. These are of great
importance in fundamental biological functions, such as signaling
and precursors of biochemical pathways, as well as in the forma-
tion of aroma fromwines that result from fermentation and ageing,
either in barrels or bottles. Several hundreds of compounds can be
captured by GC–MS, and each compound produces an unique mass
spectral ﬁngerprint, which is afterwards used for metabolites rec-
ognition and quantiﬁcation (Dunn et al., 2011). Classical mass
spectroscopy is highly laborious and a signiﬁcant amount of time
is necessary for peak analysis, ﬁngerprint recognition, identiﬁca-
tion and quantiﬁcation by an analyst (Christensen, Tomasi, & Han-
sen, 2005). In this context nontargeted methodologies are
extremely important, with an unbiased approach, toward under-
standing the biological system (Castro et al., 2012; Fiehn, 2002;
Rodrigues, Barros, Carvalho, Brandão, Gil & Ferreira, 2011). When
automatic chromatogram signal processing becomes a robust skill,
mass-spectroscopy may be used as a high-throughput technology.
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the complex matrix components during the analytical process orig-
inating a pattern, that is, a chromatogram. Although it allows sam-
ples classiﬁcation based on the different patterns, it is important to
relate that there are inherent variations in the chromatographic
process, mainly related to the retention time (peak shifts) and
baseline drifts. Therefore, in order to use GC–MS data on a high-
throughput base, those issues must be focused on the preprocess-
ing data handling prior to multivariate analysis (Christensen et al.,
2005). In that regard, several authors have proposed some prepro-
cessing methodologies, including noise ﬁltering, baseline correc-
tion, peaks detection, alignment, identiﬁcation and normalization
(Castillo, Gopalacharyulu, Yetukuri, & Oresic, 2009).
In the present study, the aim is to develop a pipeline methodol-
ogy based on Process Analytical Technology (PAT) multivariate
analysis (MVA) and GC–MS data processing in order to provide a
holistic view of the impact of the presence of oxygen and higher
temperature during the ‘‘forced ageing’’ of a Port wine matrix. This
ageing process, is an extremely complex chemical process that has
been extensively studied by our research group (Silva Ferreira,
Barbe, & Bertrand, 2002; Silva Ferreira, Barbe, & Bertrand, 2003a;
Silva Ferreira, Monteiro, Oliveira, & Guedes de Pinho, 2008), where
several chemical mechanisms take place and are responsible for
differences in sensory perception affecting ﬁnal product quality.
The metabolomics pipeline methodology here provided is ap-
plied to a ‘‘forced ageing’’ Port wine data set and includes both chro-
matographic signal preprocessing and MVA methodologies,
together with the exploration of candidate metabolites expression
and co-expressionwithin the overall ageingprocess (see Fig. 1). Can-
didatemetabolites correspond toMVAmodel variables, candidate to
explain speciﬁc pathways of the metabolism that have chemical
meaning and can be used for understanding the overall process.
The co-expression of a candidate metabolite constitutes a powerful
feature, enabling the study of potential interconnections between
the candidates formation and consequently allowing further re-
search for overlapping/connections between chemical and/or bio-
chemical mechanisms. In this context, the global high-throughput
pipelinemethodologyprovides increased rate ofmetabolites identi-
ﬁcation involved in the chemical process contributing to further
build the metabolic network of the overall process.Fig. 1. High-throughput pipeline methodology for GC-MS data processing: (a) GC-MS dat
(d) Temporal relationships of candidate metabolites for process contextualization.2. Materials and methods
2.1. Wine material and treatments
Young Port wine characterized by a pH = 3.4, 2.5 mg/L of dis-
solved oxygen, 17 mg/L of free SO2, 150 g/L of reducing sugars
and 20.5% (v/v) alcohol made on the year of the experiment (with-
out any oak contact) was used in this experiment.
Different oxygen treatments were introduced: 0 (P#_NoO2), 1
(P#_1inj), 2 (P#_2inj) and 5 (P#_5inj) saturations in glass vessels
ﬁlled with 500 mL of Port wine. Oxygen saturation was obtained
by stirring each sample vigorously for about 1 h until an oxygen
concentration of about 8–9 mg/L was reached. This was performed
in a laminar ﬂow chamber under UV light to prevent microbial
contamination. Oxygen injections were measured with a WTW
340 Oxygen Probe (Silva Ferreira, Hogg, & Guedes de Pinho,
2003b), during 18 weeks (‘P1’ to ‘P18’) of storage at 60 C in a tem-
perature controlled incubator, and discrete samples were obtained
heuristically for each oxygen regime and further analyzed by GC–
MS (see Section 2.4 GC–MS analysis, for speciﬁcations).
The forced ageing experiment was implemented to simulate the
typical oxidation aroma of Port wine by promoting chemical
changes on wine composition. Samples were supplemented with
different oxygen regimes and kept at high temperatures (60 C).
Although those extreme conditions are not representative of real
ageing process, they were selected in order to be able to reproduce
in the laboratory on a reasonable time the ageing process, in spite
of the risk of promoting other chemical reactions which would not
occur in the normal process. The length of the duration for the
forced aged protocol was sensory-driven. In fact, at each sampling
point, samples were submitted to sensory analysis in order to val-
idate that the product was still perceived as Port wine and it was
observed that after 18 weeks it not accepted as such.2.2. Chemicals
All chemicals employed were of analytical grade: anhydrous so-
dium sulphate (HPLC grade) (Merck, Darmstadt, Germany), dichlo-
romethane (Lab Scan, Sowinskiego, Gliwice), 3-octanol (97%)a preprocessing; (b) Multivariate Analysis; (c) Candidate metabolites identiﬁcation;
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ane (>99%, Sigma–Aldrich, USA), cis- and trans-4-hydroxymethyl-
2-methyl-1,3-dioxolane (>99%, Sigma–Aldrich, USA), benzaldehyde
(>98%, Sigma–Aldrich, USA), furfural (>97%, Sigma–Aldrich, USA),
5-hydroxymethylfurfural (5-HMF) (>98%, Sigma–Aldrich, USA);
and 3-hydroxy-4,5-dimethyl-2(5H)-furanone (>99%, Sigma–Al-
drich, USA).
2.3. Volatiles extraction
A liquid–liquid extraction was performed to extract the volatile
fraction from each sample. The procedure used was as follows: 5 g
of anhydrous sodium sulphate and 50 lL of internal standard – 3-
octanol – were added to 50 mL of sample and were extracted twice
with 5 mL of dichloromethane using a magnetic stir bar for 5 min
per extraction, 2 mL of the resulting organic phase were concen-
trated under a nitrogen stream 4 times (Silva Ferreira, Hogg, &
Guedes de Pinho, 2003b).
2.4. GC–MS analysis
The forced ageing experimental protocol was performed in
duplicate for practical reason and some samples were analysed
by GC–MS on the replicate trial. These GC–MS targeted analysis
were used as a crosscheck procedure on the evaluation and valida-
tion of both metabolites features preservation after the preprocess-
ing methodology and the kinetics of each metabolite.
Discrete sample extracts were analyzed using a Varian CP-3800
gas chromatograph (USA) equipped with a Varian Saturn
2000 mass selective detector (USA) and a Saturn GC/MS worksta-
tion software version 5.51. The column used was STABILWAX-DA
(60 m  0.25 mm, 0.25 lm) fused silica (Restek, USA). The injector
port was heated to 220 C. The split vent was opened after 30 s. The
carrier gas was Helium C-60 (Gasin, Portugal) at 1 mL/min, con-
stant ﬂow. The oven temperature was 40 C (for 1 min), then in-
creased at 2 C/min to 220 C and held for 30 min. All mass
spectra were acquired in the electron impact (EI) mode. The ion
trap detector was set as follows: The transfer line, manifold and
trap temperatures were respectively 230, 45 and 170 C. The mass
range was 33–350 m/z, with a scan rate of 6 scan/sec. The emission
current was 50 lA, and the electron multiplier was set in relative
mode to auto-tune procedure. The maximum ionization time was
25,000 lsec, with an ionization storage level of 35 m/z. The injec-
tion volume was 1 lL and the analysis was performed in Full Scan
mode.
2.5. GC–MS data preprocessing
GC–MS ion-trapIon-Trap raw chromatograms were converted
to text format (⁄.txt) using MASSTransit™ (Version 3.0, Palisade
Corporation) and imported to MetAlignTM software. This prepro-
cessing software was used for baseline correction, accurate mass
calculation, data smoothing and noise reduction, followed by a
spectral alignment of the GC–MS data (Lommen, 2009). Aligned
chromatograms matrix was exported as ‘‘.csv’’ ﬁle and subjected
to multivariate analysis using R-Project 2.15.0 and also to build
the identiﬁcation and quantiﬁcation tables used to obtain the
expression and co-expression of candidate molecules within the
‘‘forced ageing’’ Port wine process.
2.6. Multivariate analysis (MVA)
MVA involves the use of mathematical and statistical tools to
extract the information from complex datasets (e.g. GC–MS data-
sets) (Cozzolino, Cynkar, Shah, Dambergs, & Smith, 2009), consid-
ering the system as a multi-dimensional comparison of thedifferent chemical information present in the sample (Rodrigues
et al., 2011). Relevant Principal Component Analysis (RPCA)
(Martins, Lopes, Vicente, & Teixeira, 2008) is a non-supervised
methodology that determines relevant orthogonal decompositions
of the information able to discriminate between samples (scores),
and variables (loadings), that provide relevant interpretation of
signiﬁcant variables (or metabolites) on each principal component
(Martins et al., 2008).
The use of both scores, Hotteling T2 and Q statistics – namely
diagnostic plot – and the contribution plot for the identiﬁcation
of variables responsible for a speciﬁc behavior/observation being
outside the normal operation conditions is quite common (Conlin,
Martin, & Morris, 2002; Hotteling, 1947; Kourti & MacGregor,
1996; Mason, Tracy, & Young, 1995; Mason & Young, 1999).
In this pipeline methodology, diagnostic and contribution plots
were used together for the selection of samples standing out of the
latent model according to their metabolic characteristics, in re-
sponse to the external conditions imposed, and to analyze vari-
ables/candidate metabolites, to be responsible for these
differences during the Port wine ‘‘forced ageing’’ process.
2.7. Metabolites identiﬁcation and quantiﬁcation
In order to identify variables, that is candidate metabolites,
which are responsible for the deviations of samples in the diagnos-
tic plot, an in-house application was developed in R language, in
order to build both the identiﬁcation and composition tables using
the aligned matrix (⁄.csv) derived from MetAlignTM preprocessing
software (Lommen, 2009).
The identiﬁcation table was built using the discrimination of
the m/z channels and the corresponding normalized intensity in
each scan. This was executed by imposing the minimum number
of fragments, from the original feature, necessary for compounds
identiﬁcation (3 or more) and performing the Sinkhorn factoriza-
tion for checking peak consistency among samples (Sinkhorn,
1964; Walczak & Wu, 2005). Only identiﬁable and coherent peaks
which hold the same mass ﬁngerprint, among all samples build up
the identiﬁcation table, are used for a correct identiﬁcation of mol-
ecules by comparing their ﬁngerprint with databases (Linstrom,
Mallard, National Institute of, & Technology, 1997). The composi-
tion table is built using compounds concentrations obtained di-
rectly by linear relation to the internal standard for each sample
(in this case, 3-octanol), taking into account the maximum inten-
sity of one m/z channel.
2.8. Metabolites kinetics and co-expression in time-course
The kinetics or time-expression of each candidate molecule was
directly obtained from the composition table, which was deter-
mined by the maximum intensity of one m/z channel. This fact
can make the interpretation less sensitive, leading to variations
of the preprocessed expression when compared to the raw data
expression of each molecule. However, the main interest in the
time-expression is to explore the tendency of the molecule concen-
tration through samples.
The co-expression of compounds is obtained by Pearson’s corre-
lation coefﬁcient (Rodgers & Nicewander, 1988) of the composition
table. Correlations between the kinetics of candidates and a key
metabolite, known to be involved in a speciﬁc chemical phenome-
non in the process, are displayed in a heatmap (performed in R-
Project 2.15.0), in a colour range from white-to-red, which corre-
spond to correlations between 0.8 6 R2 6 1. Thus, clusters from
the heatmap can be used for interpretation of temporal relation-
ships of candidate metabolites allowing process contextualization,
identiﬁcation of the involved metabolites and metabolic network
reconstruction.
C.C. Castro et al. / Food Chemistry 143 (2014) 384–391 3873. Results and discussion
3.1. Robustness of GC–MS preprocessing using MetAlignTM
Due to multi-scale nature of Port wine chromatograms matrix,
operational parameters of MetAlign™ (Lommen, 2009) preprocess-
ing software tool, need to be optimized in order to provide simul-
taneous extraction of high and low concentration compounds. The
optimization was performed according to the analytical equipment
characteristics, and taking into account the preservation of the ori-
ginal features of a sub-set of volatiles. Volatiles were selected to
monitor the impact of the different algebraic treatments in each
metabolite spectra ﬁngerprint within data processing. The criteria
for metabolites selection were: (i) volatiles recognized as products
of oxidation, Maillard reaction products and combination of both;
(ii) substances present at different scales (i.e. ppm-ppt) and simul-
taneously acquired on the same analytical run.
The selected volatiles were: the heterocyclic acetals of glycerol
– dioxolane 1 and dioxolane 2 (isomers cis- and trans-4-hydroxy-
methyl-2-methyl-1,3-dioxolane) – the furanic aldehydes: furfural,
5-hydroxymethylfurfural (5-HMF) and phenylacetaldehyde, a
Strecker aldehyde (Hofmann & Schieberle, 2000), dependent of
oxygen and temperature during ageing.
The original features of each metabolite were compared with
the preprocessed resulting features in order to ensure the validity
of the preprocessing methodology. Table 1 presents the correlation
coefﬁcients between features of both raw data and MetAlign™
(Lommen, 2009). These features can be used as a validation index
for the preprocessing software tool preserving the original chro-
matographic features. The high correlation coefﬁcients (R2) are
presented in Table 1, indicating the preprocessing parameters used
to maintain the integrity of the overall matrix in the forced ageing
of Port wine. As consequence, the features of the selected com-
pounds with different magnitudes (ppm-ppt) were preserved,
showing the strength of the preprocessed matrix which can be
used for understanding chemical compound interaction in the Port
wine ‘‘forced ageing’’ process.3.2. Multivariate analysis (MVA)
Performing the RPCA to the MetAlign™ (Lommen, 2009) ﬁnal
matrix, four relevant orthogonal decompositions were found to ex-
plain a total of 63.2% of the chromatographic data variability
(22.3% PC1, 21.3% PC2, 11.7% PC3 and 7.9% PC4). The most relevant
components for capturing samples variability within the oxidation
under each oxygen saturation regime are PC1 and PC2. According
to both relevant decompositions, samples are distributed through
the components as a function of the oxidation process occurring
in the Port wine which induces chemical composition changes in
samples (Figure A in supplementary material). Chemical differ-
ences occurring in the beginning of the ‘‘forced ageing’’ process
are less representative than those taking place in the ﬁnal weeks
(samples closest to week 18 – ‘‘P18’’) of the oxidation process as
samples corresponding to these times are spread through theTable 1
Correlation coefﬁcients between raw and MetAlign™ data features using quantiﬁer
ion of the selected metabolites.
Metaboliteb m/za R2
Dioxolane 1 103 0.9242
Dioxolane 2 103 0.9200
Furfural 95 0.9700
5-HMF 97 0.7120
Phenylacetaldehyde 91 0.9564
a Quantiﬁer ion.
b Normalized value.PC2 and PC1, respectively and the variability of the chemical infor-
mation is higher in PC1. So, it can be stated that the complexity of
the chemical proﬁle of the resulting Port wine made under the dif-
ferent oxygen saturation regimes at high temperature increases
during the maturation process leading to the production of com-
pounds of during the storage time.
3.3. Diagnostic and contribution plots – selection of candidate
molecules
To understand the role of dissolved-oxygen regime and high
temperatures during Port wine ‘‘forced ageing’’ process, the selec-
tion of candidate metabolites was performed by employing diag-
nostic (Q statistics and Hotelling T2) and contribution plots, which
are presented in Fig. 2 and Fig. 3, respectively (Hotteling, 1947)
(Mason & Young, 1999; Mason et al., 1995).
The Diagnostic plot (Q statistics vs. Hotelling T2) is performed
because not all features in the metabolic matrix (resulting from
MetAlign™ preprocessing) preserve the same quality after data
decomposition into relevant principal components. In these cases,
their reconstruction is statistically impossible, and their metabolic
information is widely different from the average. Q statistics
(square prediction error) is determined to assess the feature
extraction quality, and the line crossing the Q axis correspond to
the statistic conﬁdence interval (Qa) determined using the average
and standard deviation of Q at a level of signiﬁcance of a = 0.05.
Samples above Qa do not represent robust feature extractions
(Conlin, Martin, & Morris, 2000). On the other hand, Hotelling T2
measures the distance to the center of the data. The line crossing
the Hotelling T2 axis corresponds to the upper conﬁdence interval
of the distribution, determined at a level of signiﬁcance of a = 0.05.
Samples above the Ta2 are considered to present signiﬁcantly dif-
ferent features (Castro et al., 2009; Qin, 2003).
The determination of the Q statistic conﬁdence interval (Qa)
limits the Q values above which features are not robust. According
to the Diagnostic plot in Fig. 2, sample P18_5inj is above the Qa,
which means that the reconstruction of its metabolic information
is statistically impossible.
In practice, P18_5inj was exposed to extreme conditions (high
temperature, 60 C, under a saturation regime of ﬁve injections of
O2) for 18 weeks, and its sensorial analysis highlights an unconfor-
mity of its chemical proﬁle comparing to other samples recognized
as Port wine. So, as the chemical information of the sample reﬂects
the impact of the extreme conditions during storage, and it cannot
be accepted as a normal Port wine, this was used as a control for
monitoring the ageing process of these wines.
In contribution plot of Fig. 3, are visible the candidate variables/
scans (1 to14) representingmetabolites thatmostly explain chemical
differences from the latent model. These candidates addresses the
chemical quality of the ﬁnal Port wine in the presence of the higher
levels of oxygen after 18 weeks of ‘‘forced ageing’’ at high tempera-
ture (60 C). The contextualization of these candidate molecules
through the different chemical pathways involved in the ‘‘forced age-
ing’’ of Port wine entails their correct identiﬁcation according to each
massspectraﬁngerprint,beingessential for further comprehensionof
the temporal relationships with the entire matrix which constitutes
the aromatic proﬁle of the Port wine samples.
3.4. Candidate metabolites identiﬁcation and time-expression
In the present pipelinemethodology, mass spectra features from
the candidate metabolites selected in the contribution plot are val-
idated by (i) crosschecking their presence in the raw data, (ii) com-
paring their features with those present in NIST 98 MS library
(Linstrom et al., 1997) and (iii) time-expression of each metabolite
throughout the maturation process under each condition.
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Fig. 2. Diagnostic plot (Hotteling T2-Q statistics) of multivariate analysis model.
Fig. 3. Contribution plot of sample ‘‘P18_5inj’’ with relevant candidate scans highlighted.
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lites of Fig. 3 were built using the identiﬁcation table from the data
matrix resulting from MetAlign™ preprocessing and were used for
tentatively identifying the key metabolites [m/z (%)] that mostly
inﬂuence the Port wine ageing process. MS features of metabolites
tentatively identiﬁed as unknown are presented: 1 – 3-methyl-1-
butanol; 2 – unknown: unkn_1 [(100); 43 (67); 55(15); 88 (7);
59 (7)] – Scan 1274; 3 – unknown: unkn_2 [(100); 43 (21); 91
(13); 119 (12); 75 (5); 59 (5)] – Scan 1403; 4 – unknown: unkn_3
[43 (100); 115 (46); 55 (41); 45 (30); 59 (29); 73 (21); 39 (21); 67
(19)] – Scan 1629; 5 – furfural; 6 – dioxane isomer; 7 – dioxolane
isomer; 8 – unknown: unkn_4 [73 (100); 45 (33); 91 (15); 43 (14);
55 (7); 74 (6); 57 (4)] – Scan 1959; 9 - unknown: unkn_5 [(100);
93 (91); 59 (90); 45 (83); 121 (80); 136 (70)] – Scan 2216; 10 – 2-
phenylethanol; 11 – diethyl malate; 12 – diethyl tartrate;
13 – monoethyl succinate; 14 – 5-hydroxymethylfurfural (5-HMF).
The presence of furfural, dioxane and dioxolane isomers within
the ‘‘forced ageing’’ of Port wine is indicative of the occurrence of
wine oxidation during the process, as it was reported by Silva
Ferreira et al. (2002) and (Silva Ferreira, Oliveira, Hogg, & Guedes
de Pinho, 2003c). According to time-course kinetics of furfural
and dioxane isomer, presented in Fig. 4(a) and Fig. 4(b), respec-
tively, concentrations of both metabolites increase during ‘‘forced
ageing’’. Furfural and 5-hydroxymethylfurfural are derived from
carbohydrate dehydration followed by cyclation in Maillard-type
systems and are generally correlated to wine browning during age-
ing (Maillard, 1971). It is also evident that higher concentrations ofFig. 4. Time-course kinetics of the highlighted candidate metabolites: (a) furfural; (b) c
Injection O2; (N) 5 Injection O2.oxygen during the maturation process induce higher production of
this heterocyclic acetal (Fig. 4(b)) and so, the formation of these
off-ﬂavors is due to the oxidative degradation of the wine (Silva-
Ferreira, Guedes-de-Pinho, Rodrigues, & Hogg, 2002). The presence
of 2-phenylethanol and 3-methyl-1-butanol at high concentrations
is mainly due to the occurrence of the ethanol fermentation and
widely contribute to the aromatic proﬁle of Port wine (Ehrlich,
1907; Hazelwood et al., 2008). Another noteworthy result is the
high impact of diethyl esters (diethyl tartrate and diethyl malate)
as well as the monoethyl succinate in the Port wine ‘forced’ ageing,
which concerns to the extended esteriﬁcation reactions occurring
through the process (Pereira, Reis, Saraiva, & Marques, 2010).
So, according to the chemical background of sample ‘‘P18_5inj’’,
translated with the variables or candidate metabolites identiﬁed in
the contribution plot, it is possible to analyze that the presence of
such extreme conditions (18 weeks of storage under the highest
oxygen saturation regime studied) induces the occurrence of redox
mechanisms which are closely associated to the ‘‘oxidative spoil-
age’’ of the wine during the maturation storage (Silva Ferreira,
Oliveira, Hogg, & Guedes de Pinho, 2003c). This mechanism, and
thus the presence of the candidate molecules identiﬁed, is in most
cases associated with the loss of the original Port wine aromas, the
development of unpleasant aromas as well as with changes in the
Port wine colour or taste (Silva Ferreira et al., 2002). For these rea-
sons, it is possible to consider that ‘‘P18_5inj’’ sample is not repre-
sentative of a typical aged Port wine by the conventional ageing
process, since the chemical composition evidences the occurrenceis- and trans-5-hydroxy-2-methyl-1,3-dioxane; () No O2; () 1 Injection O2; (j) 2
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Fig. 5. Heatmap matrix correlations (0.8 6 R2 6 1 corresponding to white to red range colours) with dioxane isomer. (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web version of this article.)
390 C.C. Castro et al. / Food Chemistry 143 (2014) 384–391of deterioration mechanisms inherent to the ageing process occur-
ring under drastic conditions.
Furthermore, regarding the correlation between candidate mole-
cules kineticsover time isan innovative approach that allows increas-
ing theknowledgeof theoverall process, providing the co-expression,
enhancing time-course relationships of the highlighted metabolites
and other relevant molecules. The co-expression between com-
poundsallows akinetical comparisonenabling correlationsdiscovery
between them, facilitating ‘‘mechanistic contextualization’’.3.5. Candidate metabolites co-expression
Dioxane isomer, was reported to be one of the indicators of the
Port wine ageing (Silva Ferreira et al., 2002), it was used to under-
stand the co-expression of other compounds present in the overall
metabolites matrix.
The exploration of dioxane kinetical correlations allows under-
standing its temporal relationships with other metabolites for fur-
ther contextualize them within a chemical phenomenon that canbe being activated through the process, which is essential for fur-
ther metabolic network reconstruction.
Scans corresponding to metabolites with correlation coefﬁ-
cients similar or higher than 0.8 (R2P 0.8) according to dioxane
isomer are present in the heatmap of Fig. 5.
Features from scans included in the heatmap of Fig. 5 were also
tentatively identiﬁed, by supervising with the raw-data chromato-
gram features and also by comparing the mass feature with NIST
98 MS library (Linstrom et al., 1997), and using the time-expres-
sion of scans discriminated in the heatmap.
So, according to Fig. 5, it was found that the production of dioxane
isomer, is highly correlatedwith theproductionof dioxolane isomers –
dioxolane 1 (R2 = 0.98), dioxolane 2 (R2 = 0.99), benzaldehyde
(R2 = 0.89)andsotolon(R2 = 0.81). Thehighcorrelationsbetween these
compounds is inagreementwith the reportedbibliography, as all these
metabolites are known to be relatedwith the Portwine ageing process
(Silva Ferreira et al., 2002; ; Silva Ferreira et al., 2003a; ; Silva Ferreira
et al., 2008). Dioxane isomer production is a result of the condensation
reactionbetweenglycerol and acetaldehyde under the lowpHduring
wine ageing (Müller, Kepner, & Webb, 1978).
C.C. Castro et al. / Food Chemistry 143 (2014) 384–391 391So, considering the consistency of the high correlations found,
in consonance to the present pipeline methodology, it is of great
interest the exploration of the entire heatmap correlations,
improving compounds identiﬁcation, contextualizing metabolites
itemized and providing a different dimension in the understanding
of the Port wine ‘‘forced ageing’’ process.
4. Conclusions
In this research, was presented a metabolic pipeline methodol-
ogy which allowing great progress in identifying metabolites in-
volved in dynamic processes in a high-throughput mode. This
pipeline will enable the network reconstruction, starting with a
set of known compounds clustered together according to their
kinetical correlations and representing a speciﬁc chemical pathway.
Applying the present pipeline to a Port wine ‘‘forced ageing’’
process, furfural and dioxane isomer were found to be key mole-
cules involved in the process, which production is relevant for
the quality of the Port wine. Moreover, dioxane isomer production
is highly correlated with dioxolane isomers, dioxane isomer, benz-
aldehyde and sotolon production, which have been already re-
ported in other studies, as being result of physical and chemical
changes occurring over the wine ageing process.
Based on the temporal relationships between a known com-
pound and the entire matrix, it was possible to understand poten-
tial interconnections between the candidates metabolites
formation. Future researches of connections between chemical
and/or biochemical mechanisms would provide chemical re-
sponses according to the interest on a speciﬁc process.
This study revealed several advantages leading to the use of the
metabolomics pipeline methodology, encouraging also its applica-
tion in different research ﬁelds, as it provides a greater, faster and
reliable understanding of biological or chemical processes occur-
ring through time-course.
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